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Abstract
The hypothesis that patterns of sex-biased dispersal are related to social mating system in mammals and birds has gained
widespread acceptance over the past 30 years. However, two major complications have obscured the relationship between
these two behaviors: 1) dispersal frequency and dispersal distance, which measure different aspects of the dispersal process,
have often been confounded, and 2) the relationship between mating system and sex-biased dispersal in these vertebrate
groups has not been examined using modern phylogenetic comparative methods. Here, we present a phylogenetic analysis
of the relationship between mating system and sex-biased dispersal in mammals and birds. Results indicate that the
evolution of female-biased dispersal in mammals may be more likely on monogamous branches of the phylogeny, and that
females may disperse farther than males in socially monogamous mammalian species. However, we found no support for
a relationship between social mating system and sex-biased dispersal in birds when the effects of phylogeny are taken into
consideration. We caution that although there are larger-scale behavioral differences in mating system and sex-biased
dispersal between mammals and birds, mating system and sex-biased dispersal are far from perfectly associated within
these taxa.
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Introduction
Natal dispersal, the movement of individuals between their
birthplace and site of first breeding, is crucial for a range of
ecological and evolutionary processes [1,2,3]. Dispersal results in
the redistribution of organisms and their genes, both within and
between populations. Thus, dispersal influences processes as
diverse as range expansions, population dynamics, and gene flow,
to name but a few. Although the importance of dispersal is widely
recognized, the process remains relatively enigmatic, largely due to
the logistical difficulties that have historically hampered the study
of dispersal in the field [1,4].
One intriguing pattern that has long captured the attention of
researchers is the fact that natal dispersal is often sex-biased within
a species, with one sex dispersing further, or more frequently, than
the other. In general, natal dispersal appears to be female-biased in
birds (FBD), and male-biased in mammals (MBD), and empiricists
and theoreticians have sought to explain this pattern for over 30
years [2,5,6,7,8,9,10]. Several non-mutually exclusive ultimate
hypotheses have been put forward to explain the evolution of sex-
biased natal dispersal, including inbreeding avoidance, competi-
tion for mates, and competition for resources [5,6,11,12,13].
Although most researchers recognize that there are likely multiple
explanations for sex-biased dispersal in a given species [2,12],
debate about the relative importance of these factors continues
today [10].
The most influential papers on sex-biased dispersal in birds and
mammals are undoubtedly those of Greenwood [5] and Dobson
[6,14]. Greenwood proposed that in birds, which are typically
socially monogamous and exhibit a ‘resource defense’ mating
system, familiarity with local resources should be more important
for males, who defend nests and territories, than for females, and
predicted FBD in most birds (although the Family Anatidae,
whose members tend to have ‘mate defense’ mating systems, has
long been recognized as an exception to the pattern of FBD in
birds). In contrast, many mammals are socially polygynous and
display ‘mate defense’ systems, in which females rely on home
ranges that contain the resources required to successfully rear
offspring, and males mate with multiple females and often do not
participate in the care of young. For most mammals, familiarity
with local resources should be more important for females than
males, and the expectation arises that males will disperse from
their natal area [6]. In 1982, Dobson extended Greenwood’s ideas
about divergent patterns of dispersal between birds and mammals
to the relationship between mating system and sex-biased dispersal
within mammals, and suggested that mating system may influence
the direction of dispersal sex-bias, with equal or FBD dispersal
being typical of monogamous mammalian species.
Greenwood and Dobson’s ideas about the relationship between
mating system and sex-based dispersal in both birds and mammals
have been widely accepted. However, there are at least two
complicating factors that have not often been accounted for [10].
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First, the lack of a standard definition of what constitutes
‘dispersal’ has led to confusion. Historically, dispersal has been
most often quantified as either the proportion of individuals
departing/disappearing from an area (sometimes defined as
exceeding some minimum distance from the natal site), or as the
straight-line distance between the natal and breeding locations of
an individual. However, these two quantities measure different
aspects of the dispersal process: the ‘departure’ definition assesses
the initial decision of whether to leave the natal area at all, and the
‘distance’ definition assesses the subsequent decisions of how far to
travel and where to settle once the initial departure decision has been
made. Over the past decade, dispersal has become increasingly
recognized as a multi-stage process consisting of three phases:
departure from the natal area, searching for a new place to live,
and settlement in the location where the animal will breed
[1,3,15]. When we adopt this definition of dispersal, it becomes
clear that the ‘departure’ and ‘distance’ criteria quantify behavior
during different stages of the dispersal process. However, different
authors use different definitions of dispersal, which has led to some
confusion in the literature [10].
A second factor complicating the interpretation of the relation-
ship between social mating system and sex-biased dispersal is the
lack of a phylogenetic framework [2,16,17]. Greenwood and
Dobson published their ideas in the early 1980s, well before
phylogenetic comparative methods became widely available to
behavior researchers. However, the behaviors observed in closely-
related species cannot be considered independent data points
because of the influence of shared ancestry [16,18]. Thus, shared
evolutionary history must be accounted for when examining
correlations between behavioral traits across species. Surprisingly,
the relationship between mating system and sex-biased dispersal in
vertebrates has not yet been tested using modern phylogenetic
methods [2], although Perrin & Mazalov [9] suggested over
a decade ago that because similar dispersal patterns within taxa
could be due to shared ancestry rather than mating system,
analyses accounting for non-independence among species should
be conducted.
Here, we attempt to resolve these complications by testing
Dobson’s prediction that mating system should influence patterns
of sex-biased dispersal, using a phylogenetic framework. We
conduct separate analyses for four datasets: 1) Dobson’s original
mammalian dataset, 2) the dataset compiled by Lawson Handley
& Perrin in their 2007 review of sex-biased dispersal in mammals,
3) a newly-assembled dataset utilizing a quantitative measure of
dispersal sex bias for mammals: relative dispersal distances for
males and females within a species, and 4) a newly-assembled
dataset quantifying relative dispersal distances for male and female
birds. We examine each of these datasets in a phylogenetic
framework, to determine whether social mating system is
correlated with the direction of sex-biased dispersal, and whether
the magnitude of the sex-bias is influenced by mating system. We
focus on social, rather than genetic, mating systems for several
reasons. First, the original hypothesis of a relationship between
mating system and sex-biased dispersal was formulated before the
‘molecular revolution’ radically changed our notions about mating
systems [19]. Second, despite rapid progress in determining
genetic mating systems for both mammal and bird species, genetic
mating system has not yet been quantified for enough species for
which dispersal data are also available to make such an analysis
possible. Third, to date, published studies indicate relatively little
variation in broad categorizations of genetic mating system among
species within either birds or mammals. The current literature on
mammals illustrates these issues: genetic mating system data are
available for fewer than half of the species included in our
mammalian dispersal distance data set, and only 9.5% (2/21) of
those species were genetically monogamous. Thus, genetic mating
system data are yet sparse, and examples of rare mating systems
(such as monogamy in mammals) are even more so.
An exhaustive review of either the support for various
hypotheses to explain the evolution of social systems themselves
or the evolution of sex-biased dispersal more broadly is beyond the
scope of this study. Further, others have recently published reviews
on both of these topics. We direct the interested reader to recent
reviews of social evolution [20,21] and sex-biased dispersal [2,10]
for more detailed information. Finally, we note that we do not
attempt to test the relationship between mating system and sex-
biased dispersal between birds and mammals, because a compar-
ison based on just two taxa is impossible to test statistically.
Materials and Methods
Behavioral Data
We conducted phylogenetic analyses on four different datasets,
three for mammals and one for birds. For mammals, we first
reevaluated Dobson’s 1982 dataset [6], which categorized
dispersal sex-bias using the proportion of dispersing individuals
of each sex. We then conducted a phylogenetic analysis of the data
presented in Lawson Handley and Perrin’s review [2], which
includes studies of both the proportion of individuals of each sex
dispersing and dispersal distances. Finally, we also compiled new
datasets for both mammals and birds, in which we objectively
quantified dispersal sex-bias using the ratio of dispersal distances
between the sexes.
Mammals. We categorized mating systems as either socially
monogamous (individuals form male-female pairs) or non-monog-
amous (‘non-monogamous’ encompassed all mating systems other
than social monogamy, including polygyny/polygynandry). Mat-
ing systems other than monogamy and polygyny/polygynandry
(e.g., polyandry) were too rare to warrant separate categorization.
We categorized social mating system as monogamous or not
monogamous, because these terms are more frequently reported in
published studies than are mate defense vs. resource defense. We
retained the author’s original categorization for both mating
system and predominant dispersing sex for the reanalysis of
existing datasets. When compiling novel datasets using dispersal
distance, we again retained the mating system categorizations
made by the authors, but calculated dispersal sex-bias using
reported dispersal distances for females and males (described
below). We also compiled a new dataset in which we categorized
sex-biased dispersal using dispersal distance, rather than dispersal
frequency. We searched the literature (using the key words ‘‘sex,’’
‘‘dispers*,’’ ‘‘distance,’’ and ‘‘mammal*’’ in the Web of Knowledge
database to identify species for which dispersal distance had been
quantified) to obtain data on both social mating system and
dispersal distance for mammal species. We identified 48 mammal
species for which published data on both social mating system and
a quantification of male and female dispersal distances were
available (see Table S1). We only included field-based studies that
quantified dispersal distance for each sex using direct methodol-
ogies such as resighting, live-trapping, radio-telemetry, or assign-
ing offspring to parents using genetic methods. We did not include
studies that reported a statistically significant effect of sex on
dispersal distance, but no numerical summary of dispersal
distance, or studies that reported a sex-bias in dispersal based on
indirect genetic methods (such as spatial autocorrelation in genetic
relatedness between males and females). We converted dispersal
distances into a measure of sex-bias by taking the ratio of dispersal
distance of females:males (quantified as the mean or median
Social Mating System and Sex-Biased Dispersal
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dispersal distance, depending upon data source). Because reported
maximum dispersal distances are known to be subject to
a detection bias [4], we never used maximum observed dispersal
distance as the sole determinant of the direction of sex-biased
dispersal. However, we did employ maximum dispersal distance to
determine the direction of sex bias in one case in which the
reported median dispersal distance was exactly the same for both
sexes (Dipodomys spectabilis). The maximum dispersal distance
confirmed that dispersal was female-biased in this species. Finally,
for two species (Martes pennanti and Odocoileus virginianus), the
direction of the sex-bias differed depending on whether mean or
median dispersal distance was used to determine sex-bias. To be
conservative, we conducted the analysis without these two species.
Birds. We compiled a dataset on sex-biased dispersal distance
in birds using the same procedures described for the mammal
dataset (above), sequentially replacing ‘‘mammal*’’ with ‘‘bird*’’
and ‘‘avian.’’ Our final dataset contained 56 bird species (see
Table S2). Although previous authors have noted the pre-
dominance of female-biased dispersal in birds [5,7], no one
appears to have formally examined sex-biased dispersal in relation
to mating system for birds (but see [8]), and there are no pre-
existing datasets compiling information on both of these traits. We
categorized social mating system and sex-biased dispersal distance
for birds following the same procedures used for mammals (above).
Phylogenies
Mammals. We used the species-level supertree published by
Bininda-Emonds et al. [22] for the phylogenetic analysis. The
mammal supertree contains 99% of extant mammalian species
(4,510/4,554), with divergence times and branch lengths estimated
using both fossil and molecular evidence. Although a recent study
has challenged the divergence dates presented by Bininda-Emonds
et al. [23], it does not present species-level data, and we retain the
divergence dates presented by Bininda-Emonds. Using Mesquite
2.74 [24], we pruned the supertree to contain only the species for
which we had behavioral data.
Modifications of the mammalian supertree were necessary to
resolve polytomies and incorporate branch lengths for some
species in the analysis of the Dobson and distance-based mammal
data sets. In light of a reevaluation of the taxonomy of the ground
squirrels that was published after the mammal supertree was
compiled [25], we also modified the supertree to include updated
topology and branch lengths for the ground squirrels (formerly all
included within genus Spermophilus) and marmots [25,26]. This
modification was necessary given that ground squirrels make up
a substantial proportion of Dobson’s dataset (14.5%: 8/55 species
used in this study). We eliminated two species (Psammomys obsesus
and Redunca redunca) because we were unable to determine their
placement on the tree with branch lengths. The final tree for the
reanalysis of Dobson’s data contained 55 species.
Similarly, we pruned the supertree to include only the species
for which Lawson Handley and Perrin [2] reported mating system
and dispersal data. We eliminated three species (Microcebus berthae,
Papio anubis, and P. cynocephalus) from analysis because they were
not included on the supertree. We also excluded from analysis
Homo sapiens and Microtus townsendii, because the social mating
systems reported for these species could not be cleanly categorized
as either socially monogamous or not. The final tree for the
phylogenetic analysis of this dataset contained 40 species.
We followed a similar procedure to obtain a fully resolved
phylogeny with branch lengths for the species included in our
mammalian dispersal distance dataset. We obtained the topology,
branching patterns, and branch lengths for the ground squirrels
from Harrison et al. [26] and Helgen et al. [25]. The supertree
shows a polytomy for three species ofMicrotus, and we were unable
to obtain a molecular phylogeny that included all three species.
The Microtus polytomy was resolved through the removal of M.
townsendii, which is not represented in a recent Microtus phylogeny
[27]. There is disagreement between the supertree and a more
recent phylogeny of the Carnivores [28] regarding the topology of
the mustelids. We resolved the disagreement by removing Mephitis
mephitis, the species whose placement was at issue. Removal of M.
mephitis also eliminated a polytomy within the mustelids. The
topology of the four species of Peromyscus included in this study is
well-resolved, but not reflected in the supertree. Thus, we resolved
the Peromyscus polytomy on the supertree according to published
phylogenies [29,30,31], and scaled branch lengths using di-
vergence time estimates provided by Jesse Weber (unpublished
data). The final tree for this analysis contained 45 species.
Birds. We constructed a supertree from a subset of a large
avian supertree dataset (Davis & Page, unpublished data) resulting
in a dataset containing 56 taxa from 104 trees. These data were
then checked for a sufficient level of taxon overlap (a minimum of
two overlapping leaves between source trees). An MRP (Matrix
Representation with Parsimony) matrix was then created and the
analysis run in TNT [32] using the mult 30= tbr drift command.
The MRP analysis resulted in 234 MPTs (most parsimonious trees)
of length 383. We computed the strict consensus tree for use in
these analyses. All data processing was carried out using the
Supertree Toolkit software package [33]. The final bird tree did
not include branch length estimates; we simulated branch lengths
using the option to export an ultrametric tree provided by
Mesquite.
Phylogenetic Analyses
We determined the ancestral state for mating system and sex-
biased dispersal separately for mammals and birds by parsimony
in Mesquite 2.74 [24]. As expected, the ancestral condition for
mammals was non-monogamy and MBD, and the ancestral
condition for birds was monogamy and FBD (Figures 1–2).
Does mating system affect the likelihood of the evolution
of a novel pattern of sex-biased dispersal?. We conducted
tests for correlated evolution of two categorical traits: mating
system and sex-biased dispersal, using the Discrete function in the
program BayesTraits [34]. BayesTraits uses maximum likelihood
methods to test specific models of correlated evolution and to
estimate transition rates between four evolutionary states, using
two traits, each of which has two possible values. For both
mammals and birds, we coded ancestral character states as ‘‘0,’’
and derived character states as ‘‘1.’’ For rare instances in which
the ratio of female:male dispersal distance was equal to 1 (i.e.,
reported dispersal distances for females and males were identical),
we considered those species to possess the derived character state
(FBD for mammals and MBD for birds), following Dobson’s
prediction that in mammals, monogamy should be associated with
female-biased or equal dispersal between the sexes. Because
mammals and birds have different ancestral states for both social
mating system and sex-biased dispersal, the four evolutionary
states were coded as follows: mammals - 1 (non-monogamy/male-
biased dispersal), 2 (non-monogamy/female-biased dispersal), 3
(monogamy/male-biased dispersal), and 4 (monogamy/female-
biased dispersal); birds - 1 (monogamy/female-biased dispersal), 2
monogamy/male-biased dispersal), 3 (non-monogamy/female-bi-
ased dispersal), and 4 (non-monogamy/male-biased dispersal).
Subscripts indicate the evolutionary states between which transi-
tion rates are estimated; for example, q12 indicates the transition
rate from state 1 to state 2.
Social Mating System and Sex-Biased Dispersal
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The central prediction made by the mating system/sex-biased
dispersal hypothesis is that female-biased dispersal (or dispersal by
both sexes) should be more likely to arise in socially monogamous
than in non-monogamous mammal species [6]. Conversely, for
birds, which have an ancestral state of social monogamy and FBD,
the expectation is that male-biased dispersal should be more likely
to arise in socially non-monogamous species. Following Pagel [35],
we restricted our analysis to a single comparison between two
models for each data set: a model of dependent evolution (all eight
transition rates allowed to vary) and a model that restricted
q12 = q34. We compared the dependent and restricted models
statistically using a likelihood-ratio test, and then examined
parameter estimates for transition rates.
The analytical method placed certain constraints on our ability
to analyse some of the more subtle aspects of these datasets. For
example, because we were limited to two states for each trait, we
Figure 1. Phylogeny used for the analysis of the mammalian dispersal distance dataset. Time is shown in millions of years. Social mating
system is traced over the branches; social non-monogamy (the ancestral state) is represented by white branches and social monogamy is represented
by black branches. The boxes represent character states for sex-biased dispersal, with white boxes for species with MBD and black boxes for species
with FBD.
doi:10.1371/journal.pone.0057980.g001
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were unable to directly examine more complex situations such as
that found in the Anatidae, a family of birds known to exhibit
MBD [5,7,8]. It has been suggested that the resource-defense
mating systems common in the Anatidae may explain the
widespread occurrence of MBD in this group [5,7]. Because we
were unable to deal with this complexity any other way, we
conducted the analysis both with and without two members of the
Anatidae (Branta canadensis and Cygnus olor) included in our data set.
Does mating system affect the magnitude of the sex-bias
in dispersal?. To examine whether social mating system
influenced the magnitude of sex-biased dispersal, we used the
PDAP module of Mesquite [36] to conduct phylogenetic
generalized least squares (PGLS) analysis for both mammals and
birds. For each test, we used the ratio of female:male dispersal
distance as the response variable, and social mating system as the
predictor. Branch lengths were log-transformed prior to analysis.
This analysis was only possible for the two datasets that we
compiled using dispersal distance, because the Dobson (1982) and
Lawson Handley and Perrin (2007) datasets did not include
dispersal distance, precluding the calculation of the ratio of F:M
dispersal distance.
Results
Does Mating System Affect the Likelihood of the
Evolution of a Novel Pattern of Sex-biased Dispersal?
Mammals. Proportions of monogamous and non-monoga-
mous species exhibiting different patterns of sex-biased dispersal
were presented by Dobson [6], who reported MBD in 78% of non-
monogamous species and FBD in 92% of monogamous species. A
likelihood ratio test (LRT) comparing the dependent and restricted
models of evolution for this dataset was not statistically significant
(x21=0.008, P=0.93). However, a comparison of transition rates
estimated from the dependent model of evolution indicated that
the evolution of FBD is .2000 times more rapid in socially
monogamous than in non-monogamous species (q34 = 9.259.
q12 = 0.004; Figure 3). Further, the character state of social
monogamy and MBD appears to be unstable, with rapid
transitions to either the ancestral state (non-monogamy and
MBD) or the derived state for both traits (monogamy and FBD;
Figure 3).
The Lawson Handley and Perrin dataset provides an interesting
contrast to that of Dobson, because it focuses heavily on members
of the Order Primates, whereas Dobson’s dataset contains many
members of the Order Rodentia, and in particular, members of
the former genus Spermophilus. Lawson Handley and Perrin report
similar numbers of species with MBD (N=25) and FBD (N=21);
however, it should be noted that they do not claim to have
provided an exhaustive list of species, and have pooled multiple
species within Ateles and the former genus Spermophilus into a single
entry for each genus. These authors report MBD in 56% (22/39)
of the non-monogamous species in their review, and FBD in 60%
(3/5) of socially monogamous species (total N= 44). The results of
the phylogenetic analysis of these data were not statistically
significant (x21=0.012, P=0.91). The rate of evolution of FBD
was ,2.5 times greater on monogamous than non-monogamous
branches (q34 = 0.055. q12 = 0.022; Figure 4).
Within the distance-based dataset, thirteen species were socially
monogamous, and of those, five (38%) exhibited FBD, as
predicted. However, 28% of non-monogamous species (9/32) also
exhibited FBD (total N= 45). Seventy-two percent (23/32) of non-
monogamous species exhibited MBD. Overall, the frequency of
FBD appears to be slightly higher in socially monogamous
mammals, but ‘mismatches’ between mating system and direction
of the sex-bias in dispersal distance are not uncommon (Figure 1).
Results of the phylogenetic analysis for mammalian dispersal
distance were similar for all analyses, so we report only the results
for the most conservative dataset, which eliminated all species
about which there was uncertainty regarding the determination of
the direction of sex bias (Martes pennanti and Odocoileus virginianus).
The statistical comparison of the dependent and restricted models
was not significant (LRT: x21=0.112, P=0.74). Although
transition rates are generally low, parameter estimates from the
dependent model show that FBD appears to be ,70 times more
Figure 2. Tree used for the analysis of the avian dispersal distance dataset. Branch lengths are approximated. Social mating system is
traced over the branches; social monogamy (the ancestral state) is represented by white branches, social non-monogamy is represented by black
branches. The boxes represent character states for sex-biased dispersal, with white boxes for species with FBD and black boxes for species with MBD.
doi:10.1371/journal.pone.0057980.g002
Figure 3. Path diagram showing evolutionary transition rates
among four character states (Dobson’s dataset). Transitions from
the ancestral state of non-monogamy and MBD to the derived state of
monogamy and FBD for mammals using Dobson’s dispersal frequency
based dataset are shown. Arrow thickness is proportional to the
magnitude of the transition rate.
doi:10.1371/journal.pone.0057980.g003
Figure 4. Path diagram showing evolutionary transition rates
among four character states (Lawson Handley and Perrin’s
dataset). Transitions from the ancestral state of non-monogamy and
MBD to the derived state of monogamy and FBD for mammals using
Lawson Handley and Perrin’s dataset are shown. Arrow thickness is
proportional to the magnitude of the transition rate.
doi:10.1371/journal.pone.0057980.g004
Social Mating System and Sex-Biased Dispersal
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likely to arise in socially monogamous species than in non-
monogamous species (Figure 5; q34=0.559. q12 = 0.008).
Birds. Female-biased dispersal was observed in 39/47 (83%)
of socially-monogamous birds. However, 89% (8/9) of non-
monogamous species also exhibited FBD. Only 1/10 (10%) of
non-monogamous species showed the expected pattern of MBD
(Figure 6). Seventy percent (39/56) of bird species in this analysis
exhibited the ancestral state: social monogamy and FBD.
Results were similar whether or not the Anatidae were included
in the phylogenetic analysis. Thus, we report results for the full
dataset. The Discrete comparison of the dependent and restricted
models of evolution for birds was not statistically significant
(Likelihood ratio test: x21=0.024, P=0.88). As for mammals, the
mating system/sex-biased dispersal hypothesis predicts q34. q12
for birds. However, when we investigated parameter estimates
from the dependent model of evolution, we found the opposite
pattern: q34 = 0, q12 = 0.108 (Figure 6).
Does Mating System Affect the Magnitude of the Sex-
bias in Dispersal?
We found evidence that females dispersed farther than males in
socially monogamous mammalian species (PGLS: F=5.55,
P=0.02, r2=0.11; Figure 7). This pattern appeared to be strongly
influenced by four socially monogamous species in which female
dispersal distances were 2–3 times larger than male dispersal
distances: Helogale parvula (F:M dispersal distance ratio = 3.00),
Castor canadensis (ratio = 2.91), Peromyscus californicus (ratio = 2.37),
and Hylobates lar (ratio = 2.26). However, we did not find evidence
of a similar pattern in birds (PGLS: F=0.24, P=0.63, r2=0.01).
Discussion
Our results provide some support for a relationship between
social mating system and sex-biased dispersal in mammals, but no
support for such a relationship in birds. In both groups, the
evolution of a derived state of sex-biased dispersal (FBD for
mammals, MBD for birds) is a relatively rare event (Figures 1–2),
and the vast majority of species exhibit the ancestral character
state for both traits. There is some suggestion that within
mammals, FBD is more likely to arise if a transition to social
monogamy has already occurred (Figures 3,4,5), a result found
across three datasets, including datasets that categorize the
direction of sex-biased dispersal using both dispersal frequency
and dispersal distance. However, only one bird species with
a socially non-monogamous mating system exhibits MBD (Circus
cyaneus), and socially monogamous bird species with MBD are
scattered across the tree (Figure 6).
The magnitude of the sex-bias in dispersal distance appeared to
be influenced by social mating system in mammals, but not in
birds. However, the mammalian pattern appeared to be
influenced by four species with female dispersal distances that
were more than twice those of males (Figure 7). Of the ten
remaining socially monogamous mammals in this analysis, nine
had MBD, and one had approximately equal dispersal distances
between the sexes, with a dispersal ratio of 1.01. Meanwhile, non-
monogamous mammals showed variation in F:M dispersal
distance ratio ranging from 0.06 to 1.95. Taken together, these
results lead us to conclude that although there are clear differences
in both social mating system and patterns of sex-biased dispersal
between mammals and birds, there is currently insufficient
evidence to determine definitively whether social mating system
is causally responsible for variation in sex-biased dispersal within
taxa. While we consider these results to be preliminary, they are
generally in agreement with other recent studies of the influence of
Figure 5. Path diagram showing evolutionary transition rates
among four character states (mammalian dispersal distance
dataset). Transitions from the ancestral state of non-monogamy and
MBD to the derived state of monogamy and FBD for mammals using
a dataset that quantifies sex-biased dispersal based on dispersal
distances are shown. Arrow thickness is proportional to the magnitude
of the transition rate.
doi:10.1371/journal.pone.0057980.g005
Figure 6. Path diagram showing evolutionary transition rates
among four character states (avian dispersal distance dataset).
Transitions from the ancestral state of monogamy and FBD to the
derived state of non-monogamy and MBD for birds are shown. Arrow
thickness is proportional to the magnitude of the transition rate.
doi:10.1371/journal.pone.0057980.g006
Figure 7. Magnitude of the sex-bias in dispersal distance in
mammals, by mating system (socially monogamous or not).
doi:10.1371/journal.pone.0057980.g007
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mating system and sociality on dispersal in mammals. For
example, a recent review of dispersal in arvicoline rodents found
no evidence of an influence of mating system on sex-biased
dispersal [37].
Why did we find relatively limited support for a relationship
between social mating system and sex-biased dispersal? One
possibility is that each phylogenetic analysis included ,60 species,
which represents only a fraction of extant mammalian and avian
species. Although larger sample sizes would be desirable, reliable
estimates of dispersal distances for both sexes quantified through
direct methods in natural populations in the field (e.g. telemetry,
trapping, resighting) are difficult to obtain, a problem that has long
been recognized [4]. Further, as molecular techniques for studying
dispersal become more frequently used (reviewed by [2]), direct
estimations of dispersal distances are becoming less common. For
example, in our literature searches, we found only 11 new
accounts of sex-biased dispersal in mammals published since 2000;
a rate of about 1 species/year for the past decade. However, we
did find consistent results across three different datasets compiled
for mammals, which suggests that our findings are not spurious.
Given the relatively large number of ‘mismatches’ between
social mating system and the predicted direction of the dispersal
sex-bias in our data, it seems unlikely that the lack of strong
correlations between these traits is due solely to sample size. For
example, $20% of both mammal and bird species that possessed
the ancestral mating system exhibited the derived character state
for sex-biased dispersal. Further, 60% of mammals and 90% of
birds possessing a derived mating system exhibited the ancestral
state for sex-biased dispersal. We caution against extending the
idea that ‘polygynous males’ and ‘monogamous females’ disperse
to species in which dispersal behavior has not been quantified. The
relationship between social mating system and sex-biased dispersal
is more complex than has often been appreciated [2,14,37]. To
date, most studies of the relationship between mating system and
sex-biased dispersal have been conducted with mammals and
birds. As mating system and sex-biased dispersal are quantified in
fishes, amphibians, and non-avian reptiles [14], comparisons
among additional vertebrate groups will be facilitated.
In the analyses presented here, we have only considered social
mating system. When genetic mating systems are described for
additional species, it will be interesting to see whether/how genetic
mating system is related to sex-biased dispersal. For example, our
mammalian data sets contain several socially monogamous
mammal species that are known to be genetically non-monoga-
mous, including some ‘model systems’ for the study of mammalian
monogamy (e.g. prairie voles, Microtus ochrogaster [38]; beavers,
Castor canadensis [39]). It remains to be seen whether incorporating
genetic mating system data will clarify or further complicate our
understanding of the evolutionary relationship between mating
system and sex-biased dispersal in vertebrates.
Supporting Information
Table S1 Mating system and dispersal data for mammals.
(PDF)
Table S2 Mating system and dispersal data for birds.
(PDF)
Acknowledgments
We thank Rose Carlson, Barbara Clucas, and Terry Ord for advice and
assistance with phylogenetic analyses, Jesse Weber for providing un-
published data on Peromyscus divergence times, and F.S. Dobson and an
anonymous reviewer for helpful comments on a previous version of this
manuscript.
Author Contributions
Conceived and designed the experiments: KEM DTB DHV. Performed
the experiments: KEM DTB. Analyzed the data: KEM DTB. Contributed
reagents/materials/analysis tools: ELS KED. Wrote the paper: KEMDTB
DHV.
References
1. Clobert J, Le Galliard JF, Cote J, Meylan S, Massot M (2009) Informed
dispersal, heterogeneity in animal dispersal syndromes and the dynamics of
spatially structured populations. Ecology Letters 12: 197–209.
2. Handley LJL, Perrin N (2007) Advances in our understanding of mammalian
sex-biased dispersal. Molecular Ecology 16: 1559–1578.
3. Bowler DE, Benton TG (2005) Causes and consequences of animal dispersal
strategies: relating individual behaviour to spatial dynamics. Biological Reviews
80: 205–225.
4. Koenig WD, VanVuren D, Hooge PN (1996) Detectability, philopatry, and the
distribution of dispersal distances in vertebrates. Trends in Ecology & Evolution
11: 514–517.
5. Greenwood PJ (1980) Mating systems, philopatry and dispersal in birds and
mammals. Animal Behaviour 28: 1140–1162.
6. Dobson FS (1982) Competition for mates and predominant juvenile male
dispersal in mammals. Animal Behaviour 30: 1183–1192.
7. Clarke AL, Saether BE, Roskaft E (1997) Sex biases in avian dispersal: A
reappraisal. Oikos 79: 429–438.
8. Wolff JO, Plissner JH (1998) Sex biases in avian natal dispersal: an extension of
the mammalian model. Oikos 83: 327–330.
9. Perrin N, Mazalov V (1999) Dispersal and inbreeding avoidance. American
Naturalist 154: 282–292.
10. Clutton-Brock TH, Lukas D (2012) The evolution of social philopatry and
dispersal in female mammals. Molecular Ecology 21: 472–492.
11. Moore J, Ali R (1984) Are dispersal and inbreeding avoidance related? Animal
Behaviour 32: 94–112.
12. Dobson FS, Jones WT (1985) Multiple causes of dispersal. American Naturalist
126: 855–858.
13. Waser PM (1985) Does competition drive dispersal? Ecology 66: 1170–1175.
14. Dobson FS The enduring question of sex-biased dispersal: Paul J Greenwood’s
(1980) seminal contribution. Animal Behaviour. Available: http://dx.doi.org/
10.1016/j.anbehav.2012.11.014. In press.
15. Stamps JA (2001) Habitat selection by dispersers: integrating proximate and
ultimate approaches. In: Clobert J, Danchin E, Dhondt AA, Nichols JD, editors.
Dispersal. Oxford: Oxford University Press. 230–242.
16. Felsenstein J (1985) Phylogenies and the comparative method. American
Naturalist 125: 1–15.
17. Dobson FS (1985) The use of phylogeny in behavior and ecology. Evolution 39:
1384–1388.
18. Nunn CL, Barton RA (2001) Comparative methods for studying primate
adaptation and allometry. Evolutionary Anthropology 10: 81–98.
19. Hughes C (1998) Integrating molecular techniques with field methods in studies
of social behavior: a revolution results. Ecology 79: 383–399.
20. Clutton-Brock T (2009) Structure and function in mammalian societies.
Philosophical Transactions of the Royal Society B-Biological Sciences 364:
3229–3242.
21. Dobson FS, Way BM, Baudoin C (2010) Spatial dynamics and the evolution of
social monogamy in mammals. Behavioral Ecology 21: 747–752.
22. Bininda-Emonds ORP, Cardillo M, Jones KE, MacPhee RDE, Beck RMD, et
al. (2007) The delayed rise of present-day mammals. Nature 446: 507–512.
23. Meredith RW, Janecka JE, Gatesy J, Ryder OA, Fisher CA, et al. (2011) Impacts
of the Cretaceous Terrestrial Revolution and KPg Extinction on Mammal
Diversification. Science 334: 521–524.
24. Maddison WP, Maddison DR (2011) Mesquite: a modular system for
evolutionary analysis. v. 2.74.
25. Helgen KM, Cole FR, Helgen LE, Wilson DE (2009) Generic revision in the
Holarctic ground squirrel genus Spermophilus. Journal of Mammalogy 90: 270–
305.
26. Harrison RG, Bogdanowicz SM, Hoffman RS, Yensen E, Sherman PW (2003)
Phylogeny and evolutionary history of the ground squirrels (Rodentia:
Marmotinae). Journal of Mammalian Evolution 10: 249–276.
27. Fink S, Excoffier L, Heckel G (2006) Mammalian monogamy is not controlled
by a single gene. Proceedings of the National Academy of Sciences of the United
States of America 103: 10956–10960.
Social Mating System and Sex-Biased Dispersal
PLOS ONE | www.plosone.org 8 March 2013 | Volume 8 | Issue 3 | e57980
28. Agnarsson I, Kuntner M, May-Collado LJ (2010) Dogs, cats, and kin: A
molecular species-level phylogeny of Carnivora. Molecular Phylogenetics and
Evolution 54: 726–745.
29. Bradley RD, Durish ND, Rogers DS, Miller JR, Engstrom MD, et al. (2007)
Toward a molecular phylogeny for Peromyscus: Evidence from mitochondrial
cytochrome-b sequences. Journal of Mammalogy 88: 1146–1159.
30. Miller JR, Engstrom MD (2008) The relationships of major lineages within
Peromyscine rodents: a molecular phylogenetic hypothesis and systematic
reappraisal. Journal of Mammalogy 89: 1279–1295.
31. Weber JN, Hoekstra HE (2009) The evolution of burrowing behaviour in deer
mice (genus Peromyscus). Animal Behaviour 77: 603–609.
32. Goloboff PA, Farris JS, Nixon KC (2008) TNT, a free program for phylogenetic
analysis. Cladistics 24: 774–786.
33. Davis KE, Hill J (2010) The supertree tool kit. BMC Research Notes 3.
34. Pagel M, Meade A (2006) Bayesian analysis of correlated evolution of discrete
characters by reversible-jump Markov chain Monte Carlo. American Naturalist
167: 808–825.
35. Pagel M (1994) Detecting correlated evolution on phylogenies - a general
method for the comparative analysis of discrete characters. Proceedings of the
Royal Society of London Series B-Biological Sciences 255: 37–45.
36. Midford PE, Garland TJ, Maddison WP (2005) PDAP Package of Mesquite. v.
1.07.
37. Le Galliard JF, Remy A, Ims RA, Lambin X (2012) Patterns and processes of
dispersal behaviour in arvicoline rodents. Molecular Ecology 21: 505–523.
38. Solomon NG, Keane B, Knoch LR, Hogan PJ (2004) Multiple paternity in
socially monogamous prairie voles (Microtus ochrogaster). Canadian Journal of
Zoology-Revue Canadienne De Zoologie 82: 1667–1671.
39. Crawford JC, Liu ZW, Nelson TA, Nielsen CK, Blooniquist CK (2008)
Microsatellite analysis of mating and kinship in beavers (Castor canadensis). Journal
of Mammalogy 89: 575–581.
Social Mating System and Sex-Biased Dispersal
PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e57980
